Abstract: Laser composite surfacing of aluminum alloys with ceramic particles has been extensively investigated for improving tribological properties. However, the process often results in incomplete penetration of ceramic particles in the melt pool and undesirable interfacial reactions. In this paper, laser composite surfacing of 2024 aluminum alloy with SiC particles is investigated using two distinct approaches: laser remelting and laser melting under the influence of ultrasonic vibrations of preplaced powder mixture. Detailed analysis of variation of clad layer thickness, microstructure in the composite clad layer, phase/texture development, surface roughness, and sliding wear performance with laser processing conditions is presented. The analysis showed that remelting and ultrasonic vibration assist results in significant improvement in clad layer thickness and microstructure (reduction in needle-like α-Si phase). While the laser remelting resulted in significant reduction in wear rate, the specimens processed with ultrasonic vibration-assisted laser melting showed variable wear rate, likely due to complex effects of microstructural modification and enhanced surface roughness.
Introduction
Aluminum alloys have gained rapid popularity in the last few decades-especially in automobile and aerospace industries-due to their easy availability, high strength-to-weight ratio, excellent corrosion resistance, and appreciable formability. However, these alloys are often reported to exhibit inadequate surface properties such as wear and corrosion resistance, and thus are often required to be replaced frequently [1] . It should be noted that developing the ceramic particle reinforced surface has been quite successful in addressing the poor wear resistance issues of aluminum alloys [2] . Non-conventional surface processing techniques such as laser composite surfacing/cladding have been reported to be particularly successful in developing ceramic particle reinforced aluminum systems [3] . The success of laser processing techniques in such technologies has been associated with non-contact processing, superior control during the processing, and short processing time [4] . These features, therefore, have been the key for the promising results that include the ability to form comparatively thick coatings (as thick as 1.5 mm), metallurgical bonding between the cladded surface and bulk, and relatively small heat affected zones [5] .
Wear behavior of laser clad aluminum composite surfaces has been studied in several research endeavors. For instance, marked improvement in cavitation erosion resistance was observed in the laser processed 6061 aluminum alloy surfaces reinforced with SiC and Si 3 N 4 particles [6] . An appreciable improvement in surface hardness has also been reported in the laser composite surfaced 2024 and 6061 aluminum alloys reinforced with TiC particles [7] . The development of composite surface on 6061 alloy has also been attempted by triggering in situ TiC formation during laser processing [8] . However, in spite of the aforementioned advantages, achieving uniform ceramic particle distribution in the laser clad composite layer is reported to be extremely challenging. For example, laser composite processing was performed on commercially pure aluminum, 6061 and 8090 aluminum alloys, Mg (WE43), Stellite, and commercially pure titanium using SiC and Al 2 O 3 particles [9] . It was reported that considerable undesirable particle movement was present during laser melting for particle-alloy combinations with relatively large differences in density. Similar incomplete penetration of particles has also been observed in laser clad SiC dispersed aluminum composite [10] . The typical solutions to overcome the shallower penetration of ceramic particles are increasing laser power and increasing the particle injection velocity. Increasing particle injection velocity results in significant loss of molten material due to splashing, while increasing laser power triggers the formation of undesired compounds (such as Al 4 C 3 in laser clad Al-SiC composites). Hence, investigations on the development of laser composite surfaced specimen by pre-placement of powder (instead of injecting) have also been reported [11] . The laser surface cladding using pre-placed SiC powders for the processing of compositionally graded thin SiC layers on aluminum substrate has also been demonstrated [12] . However, the issues related to non-uniform distribution of particles in the composite layer and undesirable reactions between the constituents during laser composite surfacing still remain.
In this paper, laser composite surfacing of 2024 aluminum alloy with SiC particles using preplaced composite mixture is investigated. The primary motivation of the study is to improve the microstructure and tribological properties of the lased clad Al-SiC composite surface using two distinct approaches, namely laser remelting and simultaneous application of ultrasonic vibrations during laser melting. The laser remelting of the Al-SiC composite layer is expected to modify the microstructure and distribution of the particles in the composite layer. As ultrasonic vibrations have been proven effective for improving fluid convection and cavitation in the melt [13, 14] , the application of such vibrations to the surface during laser composite surfacing is also likely to improve the distribution of the particles in the melt. Detailed analysis of the effect of laser remelting and simultaneous application of ultrasonic vibrations during melting on the thickness of composite clad layer, microstructure, phase evolution, and tribological properties is presented.
Materials and Methods
Commercial 2024 aluminum alloy with a thickness of about 5 mm was used in this investigation for laser composite cladding using SiC reinforcement. The aluminum alloy specimens were carefully polished using 1200 grit size paper, sand blasted, and subsequently cleaned with to remove surface impurities. Commercially pure Al (particle size: 10-14 µm) and SiC (particle size: 10.6 µm) powder mixture in the 80:20 ratio by weight was ball milled for 15 min at 300 rpm. Subsequently, a slurry of the powder mixture was prepared using water soluble organic binder (LISI W 15853) and reducer (LISI W 15833) and was sprayed on the surface of the AA2024 substrate. The thickness of dried coatings was measured using a 3D profilometer (Model: PS50, Nanovea, Irvine, CA, USA). Each specimen coated with powder mixture was subsequently mounted on an ultrasonic vibration probe/horn (Sonics & Materials Inc., Newtown, CT, USA). The probe was 1" in diameter and made of Ti-alloy; the probe was activated using a 20 kHz ultrasonic power generator (Sonics & Materials Inc., Newtown, CT, USA). The probe was turned on for laser melting experiments under the simultaneous application of ultrasonic vibrations. The laser surface melting experiments were performed using a CO 2 laser (Ferranti, Manchester, UK) operated in continuous mode at an output power of 900 W with the focusing distance (WD) fixed at 15 mm. The laser beam had a Gaussian energy distribution and a spot diameter of 2.15 mm. The details of the experimental set-up have been described in the author's previous publication [15] . The laser was scanned on the specimen surface to generate parallel laser track. For remelting, the laser was scanned perpendicular the previous tracks. Four sets of samples, two with and two without simultaneous application of ultrasonic vibrations during laser surface cladding, were processed for laser surface cladding of Al-SiC composites (LM: laser melted; RM: laser melted and remelted; ULM: laser melted under the influence of simultaneous influence of ultrasonic vibrations; URM: laser melted and then remelted under the influence of simultaneous influence of ultrasonic vibrations). The laser processing parameters (laser power and scanning speed) and ultrasonic vibration power output/amplitude (in percentage) for the laser melting and remelting experiments are given in Table 1 . The wear tests on the laser clad specimens were performed using a ball-on-disc tribometer (Nanovea, Irvine, CA, USA) with 6 mm diameter Al 2 O 3 balls to form 4 mm diameter wear tracks on the samples. A contact load of 10 N and sliding velocity of 150 rpm was employed for each wear experiment. Each wear test was conducted for a total sliding distance of 100 m, and the weight loss was recorded after the test. A non-contact optical 3D profilometer was used to obtain the surface profiles of the laser surface melted materials. Phase analysis was performed using an X-ray diffractometer operating with Cu-Kα radiation (PW1830, Philips, Longmont, CO, USA). The microstructural analysis was conducted using a scanning electron microscope (Model: FEI Quanta 600, Thermo Fish Scientific, Hillsboro, OR, USA). The samples were carefully sectioned, polished, and etched using Keller's reagent for microstructure analysis. 
Results and Discussion

Clad Layer Characteristics
The microstructures of the laser cladded specimen exhibited the formation of a very distinct composite cladded zone and melt zone. The data for the final clad layer thickness for different samples calculated from cross-sectional scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) microstructures is presented in Figure 1a . The composite clad layer thickness was about 31.73, 32.57, 39.21, and 60.11 µm for LM, RM, ULM, and URM specimens, respectively. Figure 1b presents the relative change in the ratio of thickness of the final clad layer (C) to the thickness of initial sprayed powder layer thickness (I). Clearly, significant increase in C/I ratio was observed after remelting operation in the laser processing both with and without simultaneous application of ultrasonic vibrations. The C/I ratio increased from 34.75% for LM to 57.93% for RM while it increased from 37.53% for ULM to 60.11% for URM specimens. Note that laser melting results in the formation of a dense composite layer on the surface. The subsequent remelting of this dense layer causes further deepening of the laser melted pool and additional mixing of the reinforced particles in the pool, resulting in thicker composite clad layers and higher C/I ratios as observed for RM and URM specimens. The effect of the ultrasonic vibration was also observed to improve the thickness of composite clad layer and C/I ratio in both the melted and remelted specimen. The thickness of the composite clad layer increased from 31.73 µm for LM to 39.21 µm for ULM while the C/I ratio increased from 34.75% for LM to 37.53% for ULM. The composite clad thickness and C/I ratio of 60.11 µm and 61.04%, respectively, was observed for URM specimens. It has been widely recognized that ultrasonic vibrations cause cavitation and improve fluid convection in the solidifying melt [13, 16] . The effects of ultrasonic vibration assistance have been utilized for grain refinements in the castings [17] . It appears that similar effects cause deeper penetration of ceramic particles in the melt pool during laser composite surfacing, resulting in thicker clad layer thickness and improved C/I ratio in specimens laser melted and remelted with simultaneous assistance of ultrasonic vibrations. 
XRD Characterization
X-ray powder diffraction (XRD) patterns from the surface of the laser clad Al-SiC composite specimens are presented in Figure 2a . While the patterns from all the specimens exhibited characteristic peaks of α-Al and SiC, some variation in the intensity of peaks was observed. To study the evolution of texture in the specimens, the texture coefficient (TC) was estimated using characteristic peaks of α-Al, according to [18] 
where, I(hkl) is the observed relative intensity of a specific (hkl) peak, I 0 (hkl) is the relative intensity of standard (hkl) peak of pure Al (JCPDS: 04-0787), and n is the number of diffraction peaks considered in the calculations. The texture coefficients for the all the laser clad Al-SiC surfaces for different crystallographic planes are presented in Figure 2b . It should be noted that while the resolidified microstructure under the composite clad layer exhibited the typical cellular dendritic grains, the clad layer of the treated specimens exhibited very restricted texturing, suggesting limited opportunity for preferential solidification. It appears that reinforced SiC particles in the composite clad layer restrict the development of preferential texture in the surface. For example, the TC was estimated to be about 0.92 for (3 1 1) plane and about 1.1 for (2 2 0) plane for specimen LM specimens, indicating random texture. The specimens laser clad with the simultaneous application of ultrasonic vibrations (ULM) also exhibited similar texture coefficients (0.94 for (3 1 1) plane and about 1.1 for (2 2 0) plane). It is expected that the cavitation and enhanced convection in melt pool due to application of ultrasonic vibrations during laser melting, in addition to the presence of SiC particles, severely restrict grain growth and retain random texture in ULM specimens. However, the laser clad composite surfaces processed by laser remelting (RM and URM) exhibited slightly higher texture coefficients. For example, texture coefficients for (2 2 0) plane were estimated to be 1.14 and 1.21 for RM and URM, respectively. The results indicate that laser remelting, both with and without simultaneous application of ultrasonic vibrations, results in slightly higher texturing compared to laser specimens.
Microstructural Characterization
As mentioned earlier, the laser processing resulted in the formation of a very distinct composite clad layer at the top surface and thicker resolidified zone underneath the clad layer, as presented in Figure 3 . The resolidified melt zone thickness of about 150-200 µm was observed for all the specimens. The resolidified zone exhibited typical epitaxial cellular/dendritic morphology characteristic of rapid solidification observed in laser processing [19] . The SiC particles penetrated only near the surface of the melt pool, forming a distinct composite clad layer at the top. The higher magnification microstructures of the composite clad layer for different processing conditions are also presented in Figure 3 . The microstructures of the laser clad zone revealed the presence of an acicular needle-like phase. The formation of needle-like phase is a common feature in laser surface engineering of Al-SiC composites and has been widely reported to be a eutectic acicular α-Si phase [20] [21] [22] . Also, the acicular α-Si phase is observed to nucleate from the SiC particles [23] . The microstructures also exhibited presence of pores and microcracks that appeared to be more pronounced in the samples processed under the influence of ultrasonic vibrations due to cavitation effects. While the acicular α-Si phase is observed for all the specimens, the composite layers clad with remelting, both with and without application of ultrasonic vibrations (RM and URM), showed marked reductions in the relative percentage of this phase compared to the specimens processed by just laser melting (LM and ULM). It appears that the remelting of the laser clad layer causes partial melting of the needle-like phase formed during initial melting step. Also, the specimens processed with the simultaneous application of ultrasonic vibrations (ULM and URM) showed some reduction of needle-like phase. The application of ultrasonic vibrations during laser melting appears to suppress the interfacial reactions and decomposition of SiC, possibly due to cavitation and enhanced fluid convection.
Tribological Analysis
The wear rates of the laser clad Al-SiC composite surfaces processed with laser melting and remelting, both with and without the simultaneous influence of ultrasonic vibrations, are presented in Figure 4 . The laser remelted specimens processed with both the conditions (i.e. without and with simultaneous application of ultrasonic vibrations) exhibited marked improvement in wear resistance. For example, the total wear loss decreased from 2.87 µg·N −1 ·m −1 for LM to 0.7 µg·N −1 ·m −1 for RM while it decreased from 2.07 µg·N −1 ·m −1 for ULM to 1.07 µg·N −1 ·m −1 for URM specimens. On the other hand, the effect of ultrasonic vibrations on the wear rate was not consistent. The application of ultrasonic vibration during laser processing was observed to improve the wear resistance for laser melted specimens. The wear rate decreased from 2.87 µg·N −1 ·m −1 for LM to 2.07 µg·N −1 ·m −1 for ULM specimens. For the laser remelted specimens, the application of ultrasonic vibrations resulted in a slight increase in wear rate (0.7 µg·N −1 ·m −1 for RM to 1.07 µg·N −1 ·m −1 for URM). As discussed in the previous section, the laser remelting and ultrasonic vibration assist in microstructural modification in the composite clad composite layer, especially the reduction in needle-like α-Si phase. It is well recognized that needle-like α-Si phase increase the brittleness of the material and is detrimental to the wear performance. The marked reduction in the wear rate for remelted specimens (RM and URM) appears to be partly due to microstructural modification characterized by reduction in needle-like α-Si phase. As wear performance is also influenced by surface features of the specimens, surface roughness (Rz) of the laser clad Al-SiC composite specimens was also characterized ( Figure 5 ). In the specimens laser processed without simultaneous application of ultrasonic vibrations, the laser remelting resulted in reduction in surface roughness (from 53 µm for LM to 44 µm for RM). Such an improvement in surface finish has likely contributed to a marked reduction in wear rate observed for RM specimens. It should be noted that superior surface finish has often been reported to improve tribological properties [24, 25] . On the other hand, laser melting and remelting under the influence of ultrasonic vibrations resulted in slightly higher surface roughness. The surface roughness was observed to be 49 µm and 60 µm for ULM and URM specimens, respectively. The higher surface roughness of ULM and URM specimens is a direct result of melt cavitation and turbulence in melt pool during laser melting and remelting under the influence of ultrasonic vibrations. This effect of ultrasonic vibrations on melt pool instability during laser melting is well reported in literature. In spite of some microstructural modifications, the higher surface roughness in the ULM and URM specimens resulted in inconsistent wear performance. Figure 6 presents the scanning electron micrographs of the wear tracks of the laser clad Al-SiC surfaces processed with different processing conditions. It can be observed from Figure 6a -h that deep grooves are present on the wear tracks of all the samples. It has been widely confirmed that the grooves are exclusively associated with the plowing mechanism of abrasive wear [5, 26] . Also, since mass loss during wear is predominantly caused by abrasive wear, the occurrence of abrasive wear can be deducted for the laser clad composite surfaces. Obviously, the high hardness of the counterbody (Al 2 O 3 ) as well as the abrasive action of the SiC-rich wear debris from the composite clad layers are the primary causes for the abrasive wear. In addition to deep grooves indicative of abrasive wear, discontinuous patches were also observed on the wear tracks. The presence of such patches indicates that material removal during wear did not proceed through a very continuous regular rate but was irregular, with certain patches undergoing extensive plastic deformation followed by plastic rupture. Similar deformation patches in wear process were also observed in the wear experiments on laser surface cladded Al-SiC specimens [5] . It was reported that the total area of such patches increases at higher loads, and it is also accompanied with an increase in the coefficient of friction. The plastic deformation as well as material removal in patches due to cold welding of the counterbody and substrate material are reported to be common features of an adhesive mode of wear. Hence, the overall wear in laser clad Al-SiC composite surfaces was essentially due to a combination of both adhesive and abrasive mechanisms. 
Conclusions
The effect of laser melting and remelting, both without and with the simultaneous application of ultrasonic vibrations during laser processing, on the microstructure development and wear properties of Al-SiC clad composite surfaces was investigated. The laser remelting and application of ultrasonic vibrations resulted in an improvement in thickness of laser clad composite surfaces and also a reduction in needle-like α-Si phase in the composite microstructure. It appears that the observed microstructural modification is due to partial melting/dissociation of already formed phases during subsequent laser remelting. The similar microstructural modification during ultrasonic vibration-assisted laser melting is likely due to cavitation and enhanced fluid convection effects. While laser remelting resulted in an improvement in surface finish, the specimens processed with ultrasonic vibration-assisted laser melting exhibited higher surface roughness due to melt pool instability. A remarkable improvement in wear resistance of the Al-SiC composites was observed after laser remelting, and the wear mechanisms were characterized by the presence of deep grooves (abrasive wear) and severely deformed patches (adhesive wear). The specimens processed with ultrasonic vibration-assisted laser melting showed inconsistent wear rates likely due to complex effects such as microstructural modification and enhanced surface roughness.
